Transport phenomena of inclusions during levitation melting of steel samples in a cold crucible are discussed by use of numerical simulation. Taking account of various forces acting on the inclusions during fusion, population balance simulation is performed within the framework of finite volume method (FVM) analysis for magnetohydrodynamics (MHD). The numerical results supported the experimental results that the inclusions size distribution does not change so much due to the agglomeration effect and the phenomena of inclusions removal to the sample surface are mainly caused by the electromagnetic reaction force and the flotation.
Introduction
Levitation melting in a cold crucible 1) is well known as a clean melting method, which uses a water-cooled copper crucible whose inner horizontal section decreases in the downward direction to increase the electromagnetic force to sustain the gravitational force and levitate a molten metal melted by induction heating. This technique has been commonly used for melting of reactive metals.
2) It has been known that the cold crucible levitation melting increases the cleanliness in the melt, moreover, the removed inclusions are accumulated to the surface of the sample. From this aspect, the application for cleanliness assessment of this technique as the rapid extraction means of inclusions from the metal for the evaluation was proposed based on the characteristics of cold crucible technique such as no contamination and low superheat fusion, which is effective to decrease morphology change of inclusions by the extraction. 3, 4) The authors performed fundamental experiments and showed the capability of the technique in the previous paper.
3) Also the phenomena during the fusion was analyzed by use of numerical simulation. 4) There, MHD analysis was performed and the inclusions behavior during fusion was analyzed mainly by use of Lagrange type simulation by solving equation of motion of inclusions. In this paper, more detailed transport and agglomeration phenomena are discussed by employing population balance equations constructed in the framework of finite volume method with unstructured mesh on the basis of numerical simulation of magnetohydrodynamics for levitation melting in a cold crucible established in the previous paper. 4, 5) On the evaluation of the agglomeration of inclusions, some papers are presented formerly. The particle behavior in a conventional levitation melting is analyzed by using a population balance equation method in the case of aluminum melt with SiC and Al 2 O 3 particles 6) and in the case of steel melt with MnO-SiO 2 particles. 7) The analyzed system in this paper is different from that in the conventional levitation with respect to the shield parameter R w , which is evaluated as 3.05ϫ10 2 in the system of this paper and high enough to regard that the skin effect is dominant. Here, the shield parameter R w is calculated by the formulation R w ϭs L m 0 wL 0 2 , where s L is the electrical conductivity of molten steel whose value is 0.7ϫ10 6 S/m, m 0 is the magnetic permeability whose value is 4pϫ10 Ϫ7 H/m, w is the imposed angular frequency whose value is 2pfϭ2pϫ3ϫ 10 5 (1/s) and L 0 is the representative length taken as the diameter of the charge whose value is 0.034 m. The dominant inclusion removal mechanism in the conventional levitation melting is said to be the electromagnetic reaction force as the melt size is some millimeter and comparable to the skin depth, however, this is not obvious in the case of this paper as the melt size is ten times larger although the skin depth is in the same level as the aforementioned conventional levitation melting, which uses same level of frequency. The analysis method used in the evaluation of inclusions behavior in a levitated melt is also applied to the evaluation of inclusion behavior in continuous casting processes such as tundish. 8) Obtained results showed acceptable accordance with experimental data, although some fitting parameters are rest included in each paper. In the previous papers, the classification methods of inclusions with respect to the diameter have been investigated and some grouping and Shoji TANIGUCHI 2) approach is proposed in order to increase the calculation efficiency by decreasing the number of classification of inclusions. 9) In this paper, the discreet population balance equation is transformed to the continuous solute transport equation, which supports the strict mass balance, for the arbitrarily size classification on the basis of the fact that the number of inclusions in each size group is many enough to be supposed continuous. This approach gives an advantage to the inclusion kinetics simulation for the complicated shape with increased number of meshes by selecting appropriate size grouping number.
Kinetics Evaluation of Inclusions Removal during Levitation Melting of Steel in Cold Crucible

Experimental Results of Inclusions Removal during Levitation Melting in a Cold Crucible
Fundamental research was conducted by using a cold crucible technique, which enables induction heating and levitation melting in a water-cooled copper crucible. Figure  1 shows a schematic view of the experimental apparatus. The number of segments of the crucible is 16 and dimensions of the crucible are 34 mm in inner diameter, 54 mm in outer diameter and 40 mm in depth. Alternative current (AC) field of 300 kHz is imposed by a 6 turn coil whose mean diameter is 74 mm and height is 60 mm taking account of the free surface stability, which is generally more stable with higher frequency. Steel samples taken at the inlet region of a tundish in a continuous casting machine are melted, whose grades are low carbon aluminum killed steel and dimensions are 25 mmϫ25 mmϫ22 mm, which contain about 60 ppm aluminum oxides and some slag type inclusions. The atmosphere used for fusions is pure argon. After the sample is melted, power supply is kept by changing the holding time of fusion as 60, 300 and 600 s, at the temperature of about 20 K as superheat measured by a twocolor pyrometer at the top of the sample. On the state of levitation melting, soft contact between the charge and the crucible is chosen by taking 25 kVA power supply in this system so as to obtain stable state of fusion, because excess power supply levitates the metal, however, it causes repeated attaching and detaching behavior of metals to the crucible, which causes a strong disturbance on the surface of charge and seemed to be harmful for the reproducibility of the extraction of inclusions. This soft contact makes a solidified region, which is called as a skull, formed just after the fusion of sample. However, by the inspection of the distribution of solute, which is added during the fusion to evaluate the skull zone size, in the vertical section of the melted sample, the volume of this region can be evaluated as less than 5% of total volume of the charge, and the effect of this zone on the extraction amount of inclusions to the surface area can be negligible. The typical size distribution of the inclusions in the sample before the fusion is shown in Fig. 2 , in which the inclusions number was counted by use of electrolytic extraction, filtering and count by the photographs of extracted inclusions. The size distribution of slag type inclusions, which are distinguished by their spherical shape, is also presented in the figure. By the evaluation of inclusion removal ratio, it was found that the holding time of more than 300 s enables about 80 % of alumina type inclusions to go out to the surface as shown in Fig. 3 . Figure 4 shows the concentration of alumina in the sample evaluated by repeating electrolytic extraction of inclusions, which indicates that oxides are condensed to the surface by 
Numerical Study on Inclusions Behavior
MHD Analysis
To investigate the phenomenon of levitation melting in a cold crucible, magnetohydrodynamic (MHD) analyses have been conducted. The abstract of the MHD simulation is described in the Appendix 1 and the detail is in the previous paper. 4) As the frequency of electromagnetic field is very high, the skin depth d is very small which is evaluated as about 1 mm for a molten steel charge, which is calculated by the formulation dϭ(2/m 0 s L w) 1/2 . Figure 7 (a) shows the computational grids for the fluid flow simulation of a charge in an axisymmetric coordinate system and Fig. 7(b) shows the contour diagram of electromagnetic force distribution. In Fig. 7 , remarkable skin effect, concentration of electromagnetic force to the surface of the charge, is observed, which becomes the force to levitate the charge.
Once the boundary shape and the external force field are determined through electromagnetic analyses by use of integral equation method, the fluid flow field can be calculated by solving the Navier-Stokes equations by introducing obtained electromagnetic force as the external volume force. Here, the small magnetic Reynolds number R m enables to make the calculation one way, that is, it is not necessary to solve Maxwell equations and Navier-Stokes equations simultaneously. Here, the magnetic Reynolds number R m is calculated by the formulation of
, where u 0 is the representative velocity whose value is 0.2 m/s, which is obtained as explained later. In the calculation, standard k-e model was used as a turbulence model. The Reynolds number is 8 160, which is calculated by the relation Reϭr L u 0 L 0 /m L where r L is the density of liquid steel (kg/m 3 ) and m L viscosity of liquid (Pa · s). This Reynolds number is not so high, however, the fluid is in the state of turbulent one, so that the use of k-e model is thought to be applicable. Moreover, the application of RNG k-e model, which is applicable to the laminar-turbulent mixed flow, did not change the flow velocity and e distribution remarkably, which supports the applicability of the k-e model as a turbulence model. On the boundary condition of the flow, a free slip condition is chosen at the free surface and the standard wall function is chosen at the interface between melt and skull. Figure 8(a) shows the calculated flow field and Fig. 8(b) shows the distribution of the turbulence energy dissipation rate, which is important to evaluate the turbulent agglomeration behavior later. One vortex tube is observed in this system and the order of flow velocity is about 0.2 m/s, which corresponds to the observed value in the experiment by adding small turnings to the top of the melt surface and by observing their behavior by use of a video camera. The formation of one vortex tube not two vortices tubes notwithstanding the existence of peak value of electromagnetic force along the surface of molten metal is due to the fact that the flow pattern is decided by the electromagnetic force gradient at the free meniscus and the lower vortex is suppressed by the moderately weaken penetration of electromagnetic force through the skull.
Analysis of Inclusion Behavior
As the equation of agglomeration phenomena, following relations are chosen 10) by neglecting the term of velocity fluctuation which has a scarce contribution. (3) where, A is the Hamarker constant whose value is chosen as 0.45ϫ10 Ϫ20 J by following the previous paper. 8) Brownian agglomeration term, which is important to evaluate the agglomeration for inclusions of rather small diameter, is shown as follows.
............. (4) where, k is Boltzmann constant (J/K) and T is the absolute temperature (K).
By the addition of these relations, the collision frequency per unit time and volume is obtained as follows. 200 and 300 mm. When two inclusions agglomerate, the equivalent sphere diameter is calculated, mass fraction of the inclusion group to which newly created inclusions belong is increased by using interpolation and those of the inclusion groups to which the disappeared inclusions belong are decreased. The maximum size is restricted to 300 mm and mass fraction is added to this size if the equivalent diameter of the agglomerated inclusion becomes larger than this value. The validation of the method is described in Appendix 2.
The equation for numerical simulation is the transport equation of mass fraction based on FVM. Here, the mass fraction is supposed to be negligibly small for the hypothesis of dilute solution. In fact, the mass fraction of inclusions inside the sample used in the experiment is about 60 ppm, which permits the usage of this hypothesis. The transport equation contains the unsteady term, the convection term by the fluid flow, diffusion term by the turbulence and source terms by the agglomeration. The effects of buoyancy and electromagnetic reaction forces are taken into account by adding terminal velocities to the fluid velocities in the convection term.
11) As the terminal velocity for the buoyancy force, Stokes and Allen's law and their modified laws defined in the reference paper, 8) was used corresponding to the arbitrary particle diameter, which is defined as v f ϭ8/5 · (a i 0.8 a 0
) (3ϽReϽ100) for the clusters, where a 0 is defined later. As the one for the electromagnetic reaction force, the particle is supposed to be spherical and then the reaction force is obtained by multiplying 3(s L Ϫs I )/ {2(2s L ϩs I )} in which s L represents electrical conductivity of liquid steel (0.7ϫ10 6 S/m) and s I represents that of inclusions defined later, to the electromagnetic force acting on the liquid steel. 12) The general form of transport equation is described as follows. .... (7) ....... (8) Here, by multiplying mass of one particle r k · p/6 · a k 3 , the Eq. (7) becomes the same form of Eq. (6) . The source term is represented as follows. These equations are to be solved in the framework of FVM by the volume integration used for the numerical simulation of MHD phenomena in the cold crucible levitation melting in the previous aforementioned paper. The calculation is performed in an axisymmetric coordinate system, so that the aforementioned equations are transformed to this coordinate system.
The used physical values are 7 200 kg/m 3 for liquid steel density r L , 3 000 kg/m 3 for slag type inclusions density r S , 3 990 kg/m 3 for alumina density r A and 0.006 Pa · s for liquid steel viscosity m L . On the alumina type inclusions, which compose major part of inclusions in the sample, the evaluation is based on the hypothesis that the inclusion is composed of small size of pure aluminum oxide particles and the space near the agglomerated particles is filled with steel alone. This system is discussed in the reference paper. 8) Here, the density of the aluminum oxide inclusions is calculated by r L R v ϩr A (1ϪR v ), where R v represents volume ratio of steel in the cluster calculated from 1Ϫ(a 0 /a i ) 3ϪD f , in which a 0 is the alumina particle composing the cluster assumed as 3 mm in this paper and fractal number D f (ϭ1.8). The alumina type inclusions whose diameter is less than 3 mm is treated as pure alumina. The electrical conductivity of aluminum oxide cluster is assumed to be proportional to the volume ratio of liquid steel in the cluster. 13) Diffusion coefficient used in the calculation is the effective diffusion coefficient obtained from the turbulent flow simulation. On the slag type inclusions, the evaluation is to leave the density of inclusions as fixed value as 3 000 kg/m 3 . The numerical simulation has been performed for the case that the inclusions are composed of alumina type ones and of slag type ones. Figure 9 shows the example of the calculated distribution of alumina type inclusion. This shows that the distribution inside the melt is almost homogeneous by the mixing for the wide range of inclusion sizes. Figure 10 shows the calculated change in the inclusion removal ratio with holding time of fusion obtained from the population balance simulation in the case of aluminum oxide inclusions, which shows a good agreement with experimental data. Figure 11 shows the effect of flotation, turbulent diffusion, agglomeration and electromagnetic reaction force on the total removal ratio of alumina type inclusions. From this result, the dominant factor for inclusion removal for the system of this paper is electromagnetic reaction force in the case of alumina type inclusions. This fact is more shown in detail in the Fig. 12 for the various inclusion diameters of alumina type inclusions. The electromagnetic reaction force removes the inclusions mainly and the flotation acts as secondary removal effect, however, not so evident because of the increased density of alumina cluster. The agglomeration effect is only observed for the inclusions whose diameter is some micron meter, and even in this case, the effect is not so evident.
In the case of slag type inclusions, the density difference between the inclusions and the molten steel is large, so that the effect of the flotation and the electromagnetic reaction force become more evident. Figure 13 shows the calculated change in the slag type inclusion removal ratio with holding time of fusion. The removal is estimated to be very rapid. As shown in Fig. 14 , the effect of agglomeration is also scarce because the size of slag type inclusion is more than 20 mm, which lead to the rapid removal, and also the number is small. Figure 15 shows the result of inclusion removal with and without flow field in the case of alumina type inclusions. In this case, it is noted that the flow field act on the mixing of the melt and slightly increases the removal efficiency, which means that flow pattern is not an important factor for the inclusion removal in this system.
Conclusions
Inclusions removal behavior during fusion in a cold crucible was examined through fundamental experiments and numerical analyses by employing modified population balance equation with MHD simulation.
Experiments revealed the removal behavior of inclusions during the fusion and its dependence on the holding time of fusion. Extracted inclusions were concentrated to the surface of the melt and showed scarce change in size distribu- tions both in the case of two types of inclusions, that is, slag type and alumina type contained in the sample taken from the tundish inlet in a continuous casting machine. Population balance simulation for both kinds of inclusions revealed the detailed kinetics of their removal behavior.
The calculated removal behavior of alumina type inclusions showed a quantitative agreement with experimental data if the dependence of density and electrical conductivity on cluster structure is taken into account. The dominant effect of removal is the electromagnetic reaction force. The agglomeration effect contributes also to the small size inclusions, however, its effect is relatively small and this corresponds to the experimental data that there is scarce change in size distribution. On the slag type inclusions, they are removed much more rapidly because of their higher density difference with steel and their lower electrical conductivity than alumina type inclusions. The dominant removal effects are the flotation and the electromagnetic reaction force. The effect of agglomeration is also small, which also corresponds to the experimental results.
These results support the effectiveness of the application of cold crucible to the cleanliness assessment technique. 
